A model for thickness effect on the band gap of amorphous germanium film A Mott-Davis-Paracrystalline model was proposed to interpret thickness effect of the band gap for amorphous germanium (a-Ge). We believe that a-Ge has a semiconductor-alloy-like structure, it may contain medium-range order (MRO) and continuous random network (CRN) simultaneously and there is a dependence of MRO/CRN ratio on film thickness and preparation methods/parameters. For MRO is dominant, thickness effect can be described by one-dimensional quantum confinement (ODQC) effect of nanocrystals and strain-induced shrinkage of the band gap; For CRN is dominant, thickness dependence can be interpreted by changes in the quality of a CRN and ODQC effect of nanoamorphous phase. Tetrahedral amorphous semiconductors (a-Ge, amorphous silicon (a-Si)) have attracted much interests among researchers due to their extensive applications in detectors 1 and the semiconductor industry. 2 Unique optical and electrical properties of a-Ge had been interpreted by the continuous random network (CRN) model. 3 Radial distribution function (RDF) data deduced from diffraction data provide a seemingly strong evidence that a-Ge has only a short-range order (SRO) structure. 3 However, RDF analysis is not sensitive to medium-range order (MRO), but fluctuation electron microscopy (FEM) [4] [5] [6] [7] and variable coherence transmission 8, 9 are able to precisely detect and analyze MRO. Variable coherence transmission data elucidate that MRO indeed exists in a-Ge. Strongly strained, topologically crystalline grains are embedded in a largely distorted CRN matrix. [4] [5] [6] [7] [8] [9] It has been found that there was a decrease in the density, 10 void fraction, 11, 12 and band gap 12,13 for a-Ge films when film thickness increases. It is believed that void fraction, amorphous effect, and one-dimensional quantum confinement (ODQC) effect can be used to interpret thickness dependence of the band gap. 12, 13 However, these interpretations are too simple.
The band gap has a great influence on resistivity of semiconductors. The fact of thickness dependence of the band gap provides a clue that we can control the band gap of a-Ge by tuning sample thickness, deposition methods, and volume fraction of MRO. Thus, it is of practical importance to study thickness dependence of the band gap. In addition, Gibson 5 and Treacy 4 have published their revolutionary observations that MRO indeed exists in a-Ge and a-Si. This profound result provides a clue and base to reconsider intrinsic mechanisms of optical and electrical properties of tetrahedral amorphous semiconductors. In this paper, a MottDavis-Paracrystalline (MDP) model combined with ODQC effect is proposed to interpret thickness dependence of the band gap based on Goh's 13 
where a ¼ 4.774 Â 10 À4 eV/K and b ¼ 235 K for a-Ge. The band gap (E g ¼ 0.66 eV) of bulk germanium crystals (c-Ge) is used for the comparison. Goh 13 group prepared a-Ge films in the thickness range of 2.6 to 46 nm by the electron beam evaporation (EBE) method. They attributed reduction of the band gap (<0.66 eV) to amorphous effect, and attributed band gap expansion (>0.66 eV) to ODQC effect. Amorphous effect was proposed by Goh. 13 They believed that in amorphous films, the imperfection in the films causes the bands of localized states to broaden, and the band gap may narrow down. 13 Pilione 12 group prepared 180-1100 nm a-Ge films by the Rfdiode and DC-magnetron sputtering (DC-MS) methods. Rfdiode samples show that the band gap decreases when film thickness increases; while DC-MS samples show a constant value of the band gap when film thickness increases from 180 to 1100 nm. They believed that the band gap decreases resulting from the decrement of the void fraction 
Based on FEM and variable coherence transmission data, [4] [5] [6] [7] [8] [9] we believe that tetrahedral amorphous semiconductors a)
Author to whom correspondence should be addressed. (CRN (SRO) ). The structure of a-Ge can be defined as A x B 1-x , and x is the volume fraction of MRO. The band gap structure of a-Ge is similar to that of semiconductor alloys. 15 Equation (2) gives a detailed expression of the band-gap structure of a-Ge, and d is film thickness. It must be mentioned that the critical value a% is only a constant determined by preparation conditions. It has been experimentally found that the volume fraction of MRO can reach approximately 50%. 5 It is important to note that we believe that the volume fraction of MRO and the quality of a CRN have a great dependence on sample thickness only in some special thickness region for a defined set of deposition conditions. For x smaller than the critical value a%, and B (CRN) is dominant, then the band gap exhibits distinct characters of amorphous phase, which can be interpreted by modified MottDavis model 16 and ODQC effect of amorphous phase. As shown in Eq. (2), for d > $10 nm, the band gap narrows down due to a decrease in quality of the CRN structure with the increment of thickness; for d < $10 nm, band gap broadens as compared to bulk a-Ge due to ODQC effect of amorphous phase.
Quantum confinement effect is derived from Heisenberg uncertainty principle. According to Heisenberg uncertainty principle, we know that if a particle is confined to a region of the x axis of length Dx, then an uncertainty in its momentum is obtained by DP x $ h=Dx. The confinement in x direction results in an additional kinetic energy
2 Þ. 17 In this paper, the confinement is only in film thickness d direction, so it is ODQC. More details about ODQC can be found in Refs. 13 and 17. Thickness dependence of the band gap due to ODQC is described by
where C is defined as
where m Ã e and m Ã h are the electron and hole effective mass, respectively. The value of E bulk is determined by the structure of ultrathin films. If the CRN is dominant, E bulk is 1.05 eV; If MRO is dominant, E bulk is 0.66 eV.
19 Equation (5) 19 demonstrates the details about thickness dependence due to ODQC effect for germanium nanocrystals (nc-Ge) and nanoamorphous germanium (na-Ge), respectively Figure 1(a) , the shaded area represents the region of localized states, E 0 is the interval between the localized states tail of the conduction band and the localized states tail of the valence band, E g1 (E g2 ) is the interval between extended states of the conduction (valence) band and the localized states tail of the valence (conduction) band, and E g is the interval between extended states of the conduction and valence band, which is the mobility gap. Optical band gap is equal to E g1 (E g2 ). 16, 20 ,21 E g1 is assumed to have a same value with E g2 . Transitions between localized states are ignored due to their insignificance. 16, 20, 21 We believe that the band gap narrows down with the increment of film thickness in some special thickness region. It was reported that E 0 of high-quality CRN is 1.3 eV (0 K). 22 Thus, the band gap can broaden to be larger than 1.3 eV. The band gap varies between 0.66 and n (>1.3) eV due to different quality of the CRN (as shown in Eq. (2)). The CRN is not a unique structure, and CRN structures have different band gaps due to diverse strains and defects. The reduction of the band gap is relying on the quality of the CRN. The effects of quantitative disorder on the band gap have been elaborately discussed by Tanaka 23 group. The main differences between our arguments and Mott-Davis model include: (1) the mobility gap is not fixed, it can be changed due to the extent of disorder and the quality of a CRN; (2) optical band gap is not some special fixed value, it can decrease due to worsening of the CRN quality as the thickness increases in a special thickness region.
In addition, we can also analyze electrical conduction mechanism of a-Ge. At room temperature, electrons in localized states of the valence band (LVB) can transfer to extended states of the conduction band (ECB) by thermal Figure 1(b) , electrons in ECB and holes in EVB contribute most to the conduction of a-Ge films. The contribution of holes in LVB and electrons in LCB to the electrical conduction is ignored due to their very low mobilities. 16 Thus, a dependence of the change in band gap on the change in resistivity can be qualitatively described by Eq. (6) . 24 This equation is very simple because the number of electrons in ECB and holes in EVB is assumed to be same for an intrinsic semiconductor. 24 As a proof, Pandya 25 described that film resistivity decreases as the thickness increases.
For x larger than the critical value a%, and A (MRO) is dominant, then the band gap shows significant features of MRO, which can be interpreted by the model-solid theory 26 and ODQC effect of MRO. As shown in Eq. (2), for d > $10 nm, the band gap narrows down as the strain is exerted on high volume fraction of topologically crystalline grains; for d < $10 nm, the band gap broadens as compared to c-Ge due to ODQC effect of MRO (Eq. (5.1) ). The strain causes the topologically crystalline grains deformed and distorted, which can narrow down the band gap. 6, 7 However, the band gap cannot decrease to be zero, and it should be larger than a constant value of m. So far, we still cannot give a specific value for the parameter m. The band gap varies between m and 0.66 eV resulting from different volume fraction of MRO. The higher the volume fraction of MRO is, the larger the strain is, and the smaller the band gap is. The reduction of the band gap is dependent on the strain exerted on topologically crystalline grains. [27] [28] [29] Thus, a MDP model combined with ODQC effect is proposed to describe the band gap of a-Ge films with A x B 1Àx structure.
We have given Goh's and Pilione's experimental results and their discussions, now we can use our MDP model to discuss all these experimental results.
First, we interpret Goh's experimental results. In their experiment, a-Ge films were prepared by the EBE technique. We assume that MRO is dominant in their samples because MRO was discovered in a-Ge films deposited by the EBE technique.
For d < $10 nm, due to ODQC effect of MRO, the band gap expands to be 0.80 eV (4.7 nm) and 1.03 eV (2.6 nm). 13 The plot of Figure 2 (a). The slope of the least-square-fitting line is 2.31, and the intercept at y-axis is 0.69 eV, which is 0.03 eV smaller than 0.66 eV, which is in good agreement with Eqs. (2) and (5.1). The fitting formula is described by The main difference between Eqs. (5.1) and (7) is the value of C 1 , and 2.31 is much smaller than 16.8. This significant deviation may be due to the existent of less CRN and strain
For d > $10 nm, due to strain-induced shrinkage, the band gap narrows down to be 0.4 eV (22 nm) and 0.33 eV (46 nm). 13 We assume that the band gap is linearly changed with the strain exerted on topologically crystalline grains, and the strain is linearly dependent on film thickness. The variation in band gap with the change in strain can be described by Eqs. (8)- (11) of the model-solid theory.
26 DX/X is the fractional volume change, which determines hydrostatic contribution of the strain; a v is the band-gap deformation potential, and a v,av and a c,av are the hydrostatic deformation potentials for the valence band and conduction band, respectively; D 0 is spin-orbit splitting, which is 0.30 eV for Ge. 26 The strain exerted on topologically crystalline grains of the 46 nm film is assumed to be 1%. 30 . 31 The slope of least-square-fitting line is À13.42, which is in good agreement with a v, direct of references, À12.7, 27 À11.2, 28 and À11.5.
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It was found by Tomlin 20 that the band gap increases due to a narrowing of the bands of localized states from 0.30 to 0.18 eV after 300 C annealing. Moreover, it is known that post-annealing can make MRO transform into the CRN. Correspondingly, the band gap should broaden when the strain exerted on grains decreases or the CRN is dominant due to a transformation from MRO to a CRN. However, there is still no experimental data to support this prediction. Thus, it is much more complicated to analyze the band gap of a-Ge after thermal annealing.
As for Pilione's experimental results, their samples were prepared by the sputtering method. It is still in debate that whether MRO exists in a-Ge films prepared by MS method. 8, 9 Here, we assume that the CRN is dominant in Pilione's samples. For DC-MS sample, the volume fraction of the CRN is fixed and the structure is stable in this thickness region, so they show no variations of the band gap when sample thickness increases. 12 Only Rf-diode samples show thickness dependence of the band gap. In the thickness range of 180 to 740 nm, we assume that the band gap is linearly changed with film thickness. The thicker the sample is, the worse the CRN quality is, and the less the band gap is. The width of localized states is assumed to be 0.3 eV. 20 E 0 can be obtained by E g1,2 -0.3 eV. Figure 3 shows thickness dependence of E 0 (0 K; 180, 350, 500, and 740 nm) in Pilione's experimental results, and the intercept of leastsquare-fitting line at y-axis is 0.65 eV, which is 0.65 eV smaller than 1.3 eV. This may be because that ideal highquality CRN is hardly achieved in this deposition process. Substrate heating and post-annealing are needed to make aGe close to ideal high-quality CRN. 16, 20, 21 In addition, above 740 nm, there are more factors that influence the band gap of a-Ge, so no such thickness effect occurs.
However, for thickness smaller than $10 nm, there is a lack of experimental data about a-Ge prepared by the MS technique. Thus, we cannot verify the validity of Eq. (5.2) for describing thickness effect due to ODQC effect of amorphous phase when the CRN is dominant in a-Ge. This still needs further investigations.
Treacy and Gibson 8, 9 pointed out that the deposition rate, substrate heating, and vacuum deposition are three key factors that contribute most to the formation of MRO in aGe or a-Si films. Until now, only a-Ge films deposited by the thermal evaporation method are proved to have a paracrystalline structure, and studies of MS-deposited samples have not yet led to a clear conclusion because they involve vacuum depositions with simultaneous ion bombardment. 8, 9 The details about a dependence of MRO on preparation methods are shown in Refs. 8 and 9.
It was reported that MRO is inclined to be formed in aGe films prepared by the EBE technique. The CRN is thermally stable state of amorphous tetrahedral semiconductors due to its lowest energy, and topologically crystalline grains are prone to be formed for symmetry reasons during the deposition process. There is a competition between the trend of retaining topologically crystalline grains and approaching to the lowest energy during the film preparation. 5, 8, 9 We predict that the augment of atoms and the activation energy from substrate heating contribute to the formation of Schl€ afli clusters. 32 This may be the reason for thickness dependence of MRO for a-Ge film (d > $10 nm) prepared by the EBE method.
It seems that the CRN is prone to be formed in a-Ge films deposited by the MS method. Within a special thickness range, with the increasing number of atoms, more defects appear, and the CRN quality gets worse. This may be the reason for thickness dependence of the CRN quality for a-Ge film (d > $10 nm) deposited by the MS method.
In summary, a MDP model combined with ODQC effect is proposed to interpret thickness dependence of the band gap for a-Ge. We believe that a-Ge has a A x B 1-x structure, it may contain MRO and SRO simultaneously and there is a dependence of MRO/SRO ratio on film thickness and preparation methods/parameters. When MRO is dominant, thickness effect of band gap shows significant feature of MRO, and it can be described by ODQC effect of MRO and model-solid theory; When the CRN is dominant, thickness effect of band gap shows significant feature of amorphous phase, and it can be interpreted by ODQC effect of amorphous phase and modified Mott-Davis model. Moreover, electrons in ECB and holes in EVB contribute most to the conduction of a-Ge films.
In addition, some workers 33 argued that the volume fraction of MRO is small, while Gibson [5] [6] [7] group believed that it is approximately 50%. This controversy is probably resulting from their different sample thickness and deposition methods. Therefore, our findings can also shed some light on remained controversy about the volume fraction of MRO. More importantly, there is a great promise in developing a technique to tune the band gap or shift from indirect band to direct band simply by adjusting film thickness and preparation parameters instead of externally applied strain.
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